INTRODUCTION:
Although the cerebellum has long been considered to be a purely motor structure, recent studies have revealed that it also has critical nonmotor functions. Cerebellar dysfunction is implicated in addictive behavior and in mental disorders such as autism spectrum disorder (ASD), cognitive affective syndrome, and schizophrenia. The cerebellum is well poised to contribute to behavior because it receives a wide array of cortical and sensory information and is subject to control by a number of neuromodulators. To perform its function, the cerebellum is believed to integrate these diverse inputs to provide the rest of the brain with predictions required for optimal behavior. Although there are many pathways for this to occur in the motor domain, fewer exist for the nonmotor domain.
RATIONALE: There are no direct pathways emanating from the cerebellum that have been shown to serve nonmotor functions. We hypothesized that the cerebellum may contribute to motivated behavior by a direct projection to the ventral tegmental area (VTA), a structure that is critical for the perception of reward and control of social behaviors. Such a projection would explain why functional imaging experiments indicate that the cerebellum plays a role in addiction and would provide one potential mechanism by which cerebellar dysfunction might contribute to the symptoms of mental disorders.
RESULTS: In mice, we found that monosynaptic excitatory projections from the cerebellar nuclei to the VTA powerfully activate the reward circuitry and contribute to social behavior. Using anatomical tracing, we showed that axonal projections from the cerebellar nuclei form synapses with both dopaminergic and nondopaminergic neurons in the VTA. The cerebello-VTA (Cb-VTA) projections were powerful and their optogenetic stimulation robustly increased the activity of VTA neurons both in vivo and in vitro. Behavioral tests to examine reward processing showed that stimulation of the Cb-VTA projections was sufficient to cause short-term and long-term place preference, thereby demonstrating that the pathway was rewarding. Although optogenetic inhibition of Cb-VTA projections was not aversive, it completely abolished social preference in the threechamber test for sociability, which suggests that the cerebellar input to the VTA is required for normal social behavior. A role for the cerebellum in social behavior was also indicated by correlation between calcium activity in these axons and performance in the three-chamber test. However, optogenetic activation of the Cb-VTA inputs was not prosocial, hence the pathway was not sufficient for social behavior.
CONCLUSION:
The Cb-VTA pathway described here is a monosynaptic projection from the cerebellum to a structure known primarily for its nonmotor functions. Our data support a role for the cerebellum in reward processing and in control of social behavior. We propose that this Cb-VTA pathway may explain, at least in part, the association between the cerebellum and addictive behaviors, and provides a basis for a role for the cerebellum in other motivated and social behaviors. In addition to contributing to reward processing, the VTA also targets a number of other brain regions, such as the prefrontal cortex, that in turn sustain a large repertoire of motor and nonmotor behaviors. Direct cerebellar innervation of the VTA provides a pathway by which the cerebellum may modulate these diverse behaviors. The Cb-VTA pathway delineated here provides a mechanism by which cerebellar dysfunction, by adversely affecting the VTA and its targets, might contribute to mental disorders such as ASD and schizophrenia.
T he cerebellum is perhaps most appreciated for its role in motor coordination (1) . However, there is ample evidence to suggest that the cerebellum also contributes to a myriad of nonmotor functions. Human functional magnetic resonance imaging (fMRI) studies show robust cerebellar activation associated with addiction (2-4), social cognition (5), and even emotional processing (6) . Conversely, cerebellar lesions or resections can lead to various forms of cognitive impairment and abnormal social behavior (7) . Cerebellar abnormalities are linked to autism spectrum disorders (ASD) and schizophrenia (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . However, despite the associations between the cerebellum and ASD, schizophrenia, and addiction, the role that the cerebellum plays in these conditions is not clear.
A potential common thread might be an adverse impact of the cerebellum on the association, processing, perception, and/or interpretation of reward in these disorders. Functional imaging studies have highlighted a disruption in the reward system in individuals suffering from schizophrenia (26, 27) or ASD (28, 29) , which suggests that people affected by either condition are unable to distinguish between positive and negative valence of cues. In rodents, decadesold data suggest that stimulation of the cerebellar nuclei is rewarding (30, 31) , and it has been shown that cerebellar granule cells encode expectation of reward (32) and that climbing fibers encode a temporal-difference prediction error similar to that seen in the dopaminergic neurons embedded at the heart of the reward circuitry (33) . Collectively, these observations suggest that cerebellar activity might somehow impinge on reward processing in the brain.
The brain-wide dopaminergic projections of the ventral tegmental area (VTA) constitute one of the major pathways by which the brain controls reward and motivational and social behaviors (34) (35) (36) . Indeed, a role for the VTA in addiction is well established (37) . The VTA also has robust projections to the prefrontal cortex (38) , which is thought to mediate many of the higher-order functions. Compromised dopaminergic function, including alterations in dopaminergic signaling in the prefrontal cortex, has been noted in a number of individuals suffering from schizophrenia and ASD (26, 39, 40) .
Repeated stimulation of the cerebellum increases dopamine in the mouse medial prefrontal cortex (41) . More intriguingly, the cerebellum's ability to do so is compromised in several mouse models of ASD (42) . It was thus proposed that modulation of the VTA might be one of the mechanisms engaged by the cerebellum to increase dopamine in the prefrontal cortex. However, the pathways proposed for cerebellar modulation of the VTA are indirect (cerebellum→ reticulotegmental nucleus → pedunculopontine nucleus → VTA) and do not envision a direct projection from the cerebellum to the VTA (41) (42) (43) . We explored the possibility that there might be a direct cerebello-VTA (Cb-VTA) pathway that allows for robust cerebellar modulation of the reward circuitry and social behavior.
Cerebellar projections to the VTA reliably drive activity in vivo
To explore the presence and delineate the efficacy of direct cerebellar projections to the VTA, we expressed channelrhodopsin (ChR2) in the cerebellum by injecting an adeno-associated virus carrying channelrhodopsin2 and yellow fluorescent protein (AAV1-hSyn-ChR2-YFP) into the deep cerebellar nuclei (DCN) (Fig. 1A) . In agreement with prior observations (44) (45) (46) (47) , cerebellar axons were present in the VTA ( fig.  S1C ). We performed single-unit recordings in the VTA of awake, head-restrained mice (Fig. 1,  A and B, and fig. S1 ). Activation of ChR2-expressing axons near the recording site with 1-ms pulses of light rapidly increased firing (mean latency, 5.9 ± 0.5 ms; median, 6 ms; number of cells n = 117; number of animals N = 17) in about one-third of the VTA neurons examined (Fig. 1, B to F) . This finding suggested that the cerebellar fibers in the VTA could, in principle, make functional synapses with the neurons in the VTA. Because cerebellar output neurons are spontaneously active and can fire action potentials at tens of spikes per second, we explored whether the Cb-VTA synapses could follow repeated activation. We thus monitored the activity of VTA neurons in response to a train of stimuli (Fig. 1G ). After the initial response, a few of the subsequent responses depressed with repeated stimulation; however, the remaining stimuli reliably drove activity even at the end of the 1-s, 20-Hz train ( 
Monosynaptic cerebellar inputs to the VTA are glutamatergic
To confirm that cerebellar neurons made monosynaptic connections with the neurons in the VTA, and to explore the nature of the transmitter at the Cb-VTA synapses, we performed patch-clamp recordings in acutely prepared VTA slices from mice injected with AAV1-hSyn-ChR2-YFP in the DCN (Fig. 2A ). In the cell-attached configuration, optogenetic activation of cerebellar axons in the VTA caused patched neurons to fire a number of action potentials, indicating that the cerebellar projections are strong enough to drive activity in the VTA without the need for additional inputs from other regions (Fig. 2B ). In the whole-cell voltage-clamp configuration, 1-ms light pulses elicited excitatory postsynaptic currents (EPSCs) in about half of the cells recorded (23/50 cells). At -70 mV, the EPSCs had a fast decay time constant [t = 3.6 ± 0.6 ms (SEM), n = 10] and the currents were effectively blocked by cyanquixaline (CNQX), which blocks both AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)-mediated and kainate-mediated currents.
[n = 9; pre-CNQX, 211 ± 50 pA (SEM); post-CNQX, 15 ± 3 pA; Fig. 2C ]. Setting the command voltage to a potential of +50 mV revealed a second, slower decay time constant (t = 52.7 ± 14.5 ms), which was blocked by the NMDA (N-methyl-Daspartate) receptor blocker AP5 (Fig. 2, E and F) .
To directly explore whether the EPSCs were generated by monosynaptic connections between cerebellar projections and VTA neurons, we blocked voltage-gated sodium channels with tetrodotoxin (TTX). Doing so prevented the generation of action potentials and eliminated optogenetically evoked responses in the patched cells. However, subsequent addition of the potassium channel blocker 4-AP to the bathing solution, intended to increase the magnitude and prolong the duration of optogenetically evoked depolarizations in the cerebellar axons, recovered the synaptic responses in all cases examined (Fig. 2D , n = 9). Because no action potentials could be generated in the continued presence of TTX, the finding that 4-AP recovered the EPSCs indicated that the ChR2-expressing cerebellar axons in the VTA made monosynaptic connections with the VTA neurons.
We further examined the properties of the Cb-VTA synapses by applying stimulation trains of varying frequencies. In agreement with our observation in driving neuronal activity with stimuli trains in vivo, although the EPSCs initially depressed with repeated stimulation, thereafter they remained constant for all train frequencies examined (5, 10, and 20 Hz; Fig. 2G ). The VTA is populated by different cell types: About 60% are dopaminergic, 35% are GABAergic, and a small fraction are glutamatergic neurons (48) . In a subset of experiments, we post hoc examined whether the responsive cells were dopaminergic by staining for tyrosine hydroxylase (TH). Although the bulk of the responsive cells were TH-positive, a number of responsive neurons were TH-negative (Fig. 2H) , which suggests that it is unlikely that the cerebellum selectively targets specific neuron types in the VTA.
We also used an anatomical approach to explore the Cb-VTA projections. We injected the green fluorescent protein (GFP)-tagged H129 strain of the anterograde trans-synaptic tracer herpes simplex virus type 1 (H129-GFP) into the cerebellar nuclei and examined GFP expression in the VTA 50 hours after surgery (N = 5; Fig. 2I ). This time point was chosen because 50 hours of incubation allows the virus to jump only a single synapse ( fig. S2 ). In agreement with the electrophysiological data delineated above, we found that the virus transfected both dopaminergic and nondopaminergic neurons in the VTA (Fig. 2I ).
Cerebellar inputs to the VTA are rewarding
The VTA is involved in reward (49) , and direct stimulation of the VTA cell bodies and the medial forebrain bundle is rewarding in rodents (50, 51) . Given the efficacy of cerebellar projections in increasing the firing rate of the VTA neurons, it is plausible that their activity may be rewarding. A common paradigm to explore whether a pathway is rewarding is to examine Carta et al., Science 363, eaav0581 (2019) 18 January 2019
2 of 10 whether test subjects voluntarily self-stimulate to activate the pathway. We expressed channelrhodopsin in the cerebellar output neurons of mice and bilaterally implanted optical fibers targeting the VTA, thereby allowing selective stimulation of the cerebellar axon terminals in the VTA (Fig. 3 , A to C). Test animals were allowed to freely explore a square behavioral chamber. After a baseline period, one quadrant was randomly assigned as the "reward quadrant"; every time the animal entered the target quadrant, it automatically received a train of light pulses that activated cerebellar axons in the VTA. The train of light pulses was repeated every 10 s as long as the animal remained in the reward quadrant. In every case examined (N = 22), the mouse showed strong preference for the reward quadrant, and on average spent more than 70% of time in that area ( A GFP-tagged H129 strain of herpes simplex virus type 1 (H129-GFP) was injected into the DCN and incubated for 50 hours, which is sufficient time to cross only one synapse ( fig. S2 ). *P < 0.05, ***P < 0.001, ****P < 0.0001; n.s., not significant.
used, light pulses did not have any adverse effects on the speed at which the mice explored the chamber ( fig. S4, I to L) or on their motor coordination ( fig. S4, M and N) . The self-stimulation task described above is reminiscent of a real-time place preference. In a subset of animals, we determined the length of time after the self-stimulation trial that the mice sought the reward quadrant by allowing them to explore the chamber without delivering any stimulation pulses (N = 16; Fig. 3R ). The mice preferred the prior reward quadrant only for a brief period of time, and within minutes they resumed unbiased exploration of all quadrants.
In a slightly modified test, mice had to work harder to get repeated rewards. Mice only received one train of stimuli upon entry to the Carta et al., Science 363, eaav0581 (2019) 18 January 2019
4 of 10 A train of 1-ms pulses at 20 Hz for 3 s was delivered repeatedly every 10 s in a randomly assigned quadrant of the experimental chamber. (B and J) ChR2 was expressed in the DCN and fiber optics were bilaterally implanted targeting the VTA. (C) Mice were placed in a square chamber and allowed to explore it at will. After obtaining a 10-min baseline (top), one of the quadrants was randomly chosen as the reward quadrant and the mice were allowed to explore for another 10 min (middle). Upon entry into the reward quadrant, cerebellar axons in the VTA were optically stimulated as described in (A). This stimulus was repeated every 10 s as long as the mouse stayed in the reward quadrant. Afterward (bottom), the reward quadrant was reassigned to a different quadrant in the chamber and the experiment repeated. reward quadrant. To receive the stimulation again, they had to leave the quadrant and reenter it (Fig. 3, I to K, and movie S1). With this paradigm as well, mice spent most of their time in the stimulation area (N = 17; Fig. 3 , L, M, and Q), which suggests that activation of the cerebellar projections to the VTA is so rewarding that mice will readily and repeatedly work to self-stimulate. This is consistent with previous observations that rats self-stimulate their cerebellar nuclei (31) . We used conditioned place preference to examine the rewarding value of optogenetic activation of cerebellar axons in the VTA. Mice expressing ChR2 in their cerebellar axons could freely explore a rectangular experimental chamber, half of which was dark while the other half was brightly lit. Because mice naturally prefer dark places, they spent a larger fraction of time exploring the dark side of the chamber. The mice then underwent conditioning whereby on alternate days they were confined to the bright chamber for 30 min and bilateral fiber optics targeting the VTA delivered 3-s trains of light stimuli at 20 Hz every 10 s to activate the ChR2-expressing cerebellar axons (N = 12; Fig. 4 , A to C). After conditioning, mice were allowed to freely explore the entire chamber. Mice spent substantially more time in the bright compartment of the chamber after conditioning (Fig. 4, D and  E) . GFP control mice were not affected by the conditioning and maintained their bias for the dark side (N = 9; Fig. 4E ).
Cerebellar inputs to the VTA contribute to social behavior
Cerebellar activation is observed in humans during social cognition tasks (52) . Recent evidence has also demonstrated a role for the VTA in social behavior (34), although it is not known which of the VTA inputs contribute to social behavior. We postulated that the cerebellar projections to the VTA may contain information relevant for social behavior. Historically, the cerebellum has been thought to be a neuronal learning machine (1, 53) whose function is to learn, and subsequently recognize, associations among a wide range of sensory and cortical information to predict the next set of "command" signals that are needed to coordinate body posture and movement. One can imagine that the same model can, in principle, be adopted to account for the nonmotor cognitive and behavioral functions of the cerebellum. For example, cerebellar circuitry could transform the wide-ranging information it receives into predictions about social reward likelihood. Given that the cerebellum receives inputs from virtually all sensory modalities and cortical regions, it certainly has the appropriate contextual information to perform such a task.
We used the three-chamber social task (54), the most widely used and accredited test for social behavior, which has been routinely used to delineate social deficits in rodent models of ASD. A mouse freely explores three connected chambers. The central chamber is empty, whereas the two side chambers contain either an unfamiliar juvenile mouse placed inside a small holding cage (the social chamber) or an empty holding cage (the object chamber). Mice actively explore all three chambers but typically spend the majority of their time in the social chamber (54) . We postulated that cerebellar inputs to the VTA may provide information that contributes to, or at the very least is relevant for, expression of social behavior. We therefore optogenetically inhibited the activity of cerebellar axons in the VTA as mice performed the task (Fig. 5 and figs. S6 and S7, A to C).
In one group of mice, we injected a virus (AAV5-CAG-ArchT-GFP) containing archaerhodopsin (ArchT) into the cerebellum, and bilaterally implanted fiber optics that targeted the VTA. In baseline conditions, the mice preferred to spend more time in the social chamber than in the object chamber. Once we had established the baseline, we optogenetically silenced the Cb-VTA projections when the mice entered the social chamber (Fig. 5, A to C) . When cerebellar axons in the VTA were optically silenced, the mice no longer showed a preference for the social chamber and spent equal time in the social and object chambers (N = 11; Fig. 5, D to F) . There was no change in the social preference of control GFP-expressing mice tested under identical conditions (Fig. 5F) .
A similar outcome would be expected if silencing of the Cb-VTA projection is aversive. Direct inhibition of VTA neurons is aversive (55) . It is possible that a continuous input from the cerebellum to the VTA might be required to sustain spontaneous activity of VTA neurons. Thus, by inhibiting the activity of the Cb-VTA pathway in the social chamber, we might have thus prompted the mice to spend less time in the social chamber. We therefore used the "self-stimulation" Experimental paradigm. Mice were tested in a conditioned place preference apparatus containing two chambers, differentiated by lighting conditions and walls of each chamber showing stripes of opposing orientations. On day 1, animals were allowed to freely explore the apparatus for 15 min to establish a baseline chamber preference. Beginning on day 2, mice were conditioned for 30 min per day, on 4 consecutive days, for 3 weeks. Mice were alternately restricted to either the lighted or dark chamber. While confined to the lighted chamber, subjects received 3-s, 20-Hz trains of optical stimulation, repeating every 10 s for the duration of the session. No stimulation was delivered when the subjects were restricted to the dark chamber. Twenty-four hours after the final conditioning session, mice were again allowed to explore the entire apparatus without stimulation for 15 min. (D) During the baseline test, mice showed a marked preference for the dark chamber. This preference was noticeably reduced after conditioning. The heat maps depict the average sessions for all mice tested. (E) After conditioning, the mice changed their preference for the dark chamber [N = 13 (11 with bilateral and 2 with unilateral fiber optic implants)] versus the lighted one and, on average, showed a preference for the lighted chamber. GFP control mice that underwent the same conditioning treatment maintained their bias for the dark chamber (N = 10 before and after). Therefore, the optogenetic conditioning had a significant effect on the ChR2-expressing mice but not in the GFP-expressing mice. Data are means ± SD (two-way ANOVA followed by Bonferroni post hoc test). **P < 0.01, ****P < 0.0001.
paradigm described earlier to explore whether mice find silencing of this pathway aversive. We used the same protocol described earlier, except that we expressed ArchT rather than ChR2 in the cerebellar axons. We allowed ArchT-expressing mice to freely explore the open field chamber, and then optically silenced the Cb-VTA projections every time the mouse entered a randomly assigned quadrant. Inhibition of this pathway had no impact on exploration of the mice; the mice spent equal time in all quadrants, which suggests that inhibition of Cb-VTA projections is neither aversive nor rewarding (N = 7; fig. S5 ).
In a second set of three-chamber test experiments, we inhibited the Cb-VTA projection for the full duration of the task. With the pathway silenced throughout the test, even if silencing is aversive, one should not see a preferential reduction in the time spent in the social chamber because the alleged aversive stimulus is continuously present in all three chambers. However, if the inputs from the cerebellum to the VTA are required for expression of social behavior, silencing the pathway in all chambers throughout the task might be expected to be as effective as silencing it only when the mice enter the social chamber. Indeed, optogenetically silencing the Cb-VTA projections continuously was as effective in preventing the expression of the social behavior in the three-chamber task as when the optical inhibition was applied only when the mouse was in the social chamber (N = 23; Fig. 5, C to F) . These experiments indicate that cerebellar inputs to the VTA are necessary for the mice to show social preference.
In these experiments, the inhibition of cerebellar inputs to the VTA seems to selectively inhibit social behavior and not exploratory behavior in general. The mice continued to explore the two side chambers and spent relatively little time in the center chamber, similar to their performance under baseline conditions. Moreover, inhibiting the pathway did not have a significant effect on the number of entries that the mice made to each compartment, nor on the amount of time that they spent grooming (Fig. 5, G and H) .
We also examined whether optogenetic activation of the cerebellar axons in the VTA when the mice entered the object chamber increased the fraction of time they spent in that chamber. In a group of mice, we expressed ChR2 in the cerebellum and, as before, implanted fiber optics targeting the VTA (N = 15; Fig. 6A and fig. S7 , D to F). Once we had established the baseline, we optogenetically manipulated the Cb-VTA projections by ensuring that every time the test mouse entered the object chamber, it received a train of light pulses to activate the cerebellar axons in the VTA. The stimulation was repeated every 10 s if the animal remained in the object Carta et al., Science 363, eaav0581 (2019) 18 January 2019
6 of 10 Experimental paradigm. Mice were tested using a three-chamber social task. Mice were allowed to approach a juvenile confined to one side chamber or an object placed on the opposite side chamber. On the first trial day, the mice explored the chambers at will. On the second day, a continuous light was delivered to inactivate the cerebellar axons in the VTA whenever the mouse visited the mouse chamber and was terminated immediately if the mouse exited the mouse chamber. On the third trial day, the mice were allowed to explore the chamber again while receiving continuous light independently of their location in the apparatus and for the entire 10-min trial. (D and E) Position heat maps for a single mouse (D) and average for all mice (E) during social interaction, in the absence (top row) and in the presence of optogenetic inhibition of cerebellar axons in the VTA in the mouse chamber (middle row) or in the entire field (bottom row). (F) Optogenetic inhibition of cerebellar axons in the VTA while the animal explored the mouse chamber made the mouse chamber less attractive than on day 1 (days 1 and 2; N = 11). Optogenetic inhibition delivered throughout the three chambers similarly decreased the preference for the social compartment (day 3; N = 20). Data are means ± SD (regular and repeated-measures two-way ANOVA followed by Bonferroni post hoc test). (G) Inhibition of cerebellar axons in the VTA while the animal explored the mouse chamber slightly increased the number of entries in the object chamber (N = 11) ; however, the number of entries in both chambers were not significantly affected by continuous light inhibition throughout the apparatus (N = 20). Data are means ± SD (two-way ANOVA followed by Bonferroni post hoc test). (H) Inhibition of cerebellar fibers in the VTA as the mice performed the three-chamber social task did not affect grooming time (N = 23). Data are means ± SD (two-way ANOVA followed by Bonferroni post hoc test). *P < 0.05, ****P < 0.0001.
chamber, and immediately terminated if it left the chamber (Fig. 6 , B and C). Mice showed slightly greater preference for the object chamber and spent less time investigating the juvenile mouse in the social chamber, which suggests that stimulation of the VTA can be at least as rewarding as socialization (Fig. 6, D to F) . In control GFP-expressing mice, stimulation did not affect performance in the three-chamber task (N = 12; Fig. 6F ). Although the stimulation paradigm showed a trend toward slightly decreased grooming time, it did not affect exploration as measured by the number of entries to each compartment (Fig. 6, G and H) . These results might support the hypothesis that stimulation of the Cb-VTA projections is sufficient to promote social behavior. However, mice found stimulation of this pathway to be Carta et al., Science 363, eaav0581 (2019) 18 January 2019
7 of 10 A train of 1-ms optical light pulses (20 Hz for 3 s) was delivered to activate the cerebellar axons in the VTA whenever the mouse entered the object chamber. This optical train was repeated every 10 s as long as the mouse remained in the object chamber, and was terminated immediately if the mouse exited the object chamber. (C) Experimental paradigm. Mice were tested using a three-chamber social task. Mice were allowed to approach a juvenile confined to one side chamber or an object placed on the opposite side chamber. On the first trial day, the mice explored the chambers at will. On the second day, mice received optogenetic stimulation in the object chamber as described in ( relative to GFP-expressing mice (N = 8). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
rewarding in general and, as described earlier, self-stimulated. Thus, the fact that in the threechamber test the mice spent more time in the object chamber when the pathway was optogenetically stimulated could be simply a manifestation of a form of self-stimulation. We therefore examined whether optogenetic activation of the Cb-VTA projection while the test mouse explored an open field promoted social interactions with an unfamiliar juvenile mouse. There was no evidence that optogenetic activation of the Cb-VTA projection, on its own, promoted social interactions (Fig. 6, I to M). This implies that in the three-chamber test, the mice spent equal time in the social and object chambers when the Cb-VTA projection was optogenetically activated not because the pathway is prosocial on its own, but perhaps because activation of this pathway can be as rewarding as social interaction. Collectively, the data suggest that the cerebellar projections to the VTA provide information that is necessary, but not sufficient, for expression of social behavior. This is in contrast to projections made by the paraventricular nucleus oxytocin-releasing neurons, whose activity and release of oxytocin in the VTA is both required and sufficient for prosocial behavior (55) .
The cerebellar inputs to the VTA are more active during social exploration
To further delineate the role of Cb-VTA projections in social behavior, it would be instructive to examine the activity of the relevant cerebellar projection neurons as the animal performs a social task. Because it is not currently feasible to identify and electrophysiologically monitor the activity of cerebellar neurons that project to the VTA, we used fiber photometry to monitor changes in calcium in cerebellar axons in the VTA as a proxy for neuronal activity. The genetically encoded calcium indicator GCaMP was expressed in the deep cerebellar nuclei, and an imaging fiber optic was implanted in the VTA (Fig. 7A, top) . We first established that electrical stimulation of the cerebellum while monitoring GCaMP-expressing axons in the VTA elicited robust calcium transients ( fig. S8 , B to E). Using the three-chamber social task, we then monitored the changes in the calcium concentration in cerebellar axons in the VTA as the mice performed the task (Fig. 7A, bottom) . The calcium levels in the cerebellar axons were higher when mice explored the social chamber (N = 8; Fig. 7, B and C, and fig. S8G ).
Different mice show varying levels of social behavior. We explored whether the average calcium levels in the cerebellar axons in the VTA correlated with the fraction of time that each mouse spent in the social chamber. There was a clear correlation with the extent of activity in the Cb-VTA pathway and social preference (Fig. 7D and fig. S8H ). Averaging the fluorescence in each chamber revealed that there was significantly greater activity in the social and center chambers relative to the object chamber (Fig. 7E and fig. S8G ). Imaging of control mice expressing GFP instead of GCaMP in cerebellar axons in the VTA did not show the same trend (N = 7; fig. S8J ). Collectively, the data suggest that the cerebellum dynamically encodes socialrelated signals and relays them to the VTA to modulate behavior.
Discussion
Our results demonstrate a robust projection from the cerebellum to the VTA, which is powerful enough to modulate reward-driven behavior. This pathway likely constitutes one of the projections that enable the cerebellum to contribute to nonmotor behaviors and, speculatively, may indeed be an important substrate for its role in addictive behaviors (2) (3) (4) . The role of the VTA in addictive behaviors is well established (37) , and although the cerebellum is known to encode reward-related information (32, 33) , the exact nature of the information that the cerebellum contributes to the reward circuitry remains to be uncovered.
The Cb-VTA pathway was more active when the mouse explored the social chamber in a Carta et al., Science 363, eaav0581 (2019) 18 January 2019
8 of 10 Within the GCaMP group, there was significantly greater fluorescence between the social and central chambers relative to the object chamber (two-way ANOVA followed by Bonferroni post hoc test). *P < 0.05. three-chamber social task. This input may be a necessary, but not sufficient, component of social behavior. Surgical cerebellar resections in adults can result in significant changes in social behavior, cognition, and emotional responses of the patients (7). The VTA affects social behavior via its connections with the nucleus accumbens (34) . Thus, our findings indicate that some of the cerebellar projections probably contact the VTA neurons that project to the nucleus accumbens.
Our conclusions heavily rely on the use of optogenetics in vivo. By stimulating the cerebellar axons in the VTA, we reduced, as much as possible, unintentional nonspecific activation of other pathways. We cannot rule out the possibility that some of the behavioral effects might be the consequence of backpropagation of action potentials in the activated cerebellar axons and subsequent activation of other brain regions targeted by potential (unknown) collaterals of the Cb-VTA projection. However, slice recordings unambiguously showed the presence of strong, functional, monosynaptic projections from the cerebellum to the VTA. The most parsimonious interpretation of our data is that cerebellar activation of the VTA plays a major role in the behaviors examined here. Moreover, the silencing experiments using the inhibitory opsins do not suffer from the same caveat, thus supporting our conclusions.
It remains unclear whether the information encoded by the cerebellum and conveyed to the VTA is related to recognition of a reward cue, or to the reward associated with the cue. Some have hypothesized that the cerebellum may refine higher-order functions and behaviors as it refines movements (13, 56) . We favor the possibility that the cerebellar circuitry transforms the wide-ranging information it receives into predictions about reward likelihood, thereby encoding information that is necessary for expression of some forms of behavior. To differentiate between these hypotheses, and to unravel how the cerebellum contributes to reward processing and social behavior, will require a better understanding of the nature of the information encoded and conveyed from the cerebellum to the VTA and other related brain structures.
Our experimental approach treated all cerebellar projections to the VTA as a single unit. However, it is likely that the Cb-VTA projection neurons originate from different parts of the cerebellum, select neuron types within the cerebellar nuclei, follow a specific connectivity pattern with the neurons within the VTA, and convey different information. The available data suggest that all cerebellar nuclei rather diffusely contribute to the Cb-VTA projections (44, 46, 47, 57) . Nonetheless, it is plausible that a subset of neurons that form the cerebellar projections to the VTA may selectively contact the neurons that project to the nucleus accumbens and affect social behavior, others target VTA neurons that project to the prefrontal cortex, and yet others form synapses with VTA neurons that deal with other forms of reward processing.
Although our data support the function of the Cb-VTA pathway in sociability and reward, this does not exclude the possibility that other structures are also involved, nor does it limit the functions of this pathway to just those described. The VTA, for example, also sends dopaminergic projections to the prefrontal cortex, and selective activation of this pathway in mice can be aversive (34) . We did not explore this possibility, but it is plausible that the cerebellar projections to the VTA also target the neurons that project to the prefrontal cortex, thus providing a route by which the cerebellum can affect dopamine levels in the prefrontal cortex. Further study of these pathways should delineate the functions of different outputs from the cerebellum to provide points of intervention for management of related disorders. Regardless, these are exciting times for cerebellar research, and it is clear that further studies will unveil more circuits by which the cerebellum contributes to our behaviors.
